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The l i g n i t e s  of t h e  Northern Great P l a i n s  a r e  i n  t h e  F o r t  Union Region, which 
contains  t h e  l a r g e s t  r e se rves  of l i g n i t e  of any coa l  b a s i n  i n  t h e  world.  The Fort  
Union Region encompasses a r e a s  of North Dakota, South Dakota, Montana, and Sas- 
katchewan. The i d e n t i f i e d  r e snurces  of l i g n i t c  i n  t h i s  reg ion  amount t o  422 G t  
(465 b i l l i o n  s h o r t  t o n s ) ,  of which 24 G t  ( 2 6  b i l l i o n  s h o r t  t ons )  c o n s t i t u t e  the 
demonstrated r e se rve  base  (1). 

U n t i l  about 1970, t he  u t i l i z a t i o n  of  l i g n i t e  was l i m i t e d ,  account ing  f o r  no more 
than  1-2% of t h e  t o t a l  annual U.S. coa l  product ion .  I n  r ecen t  y e a r s  t h e  production 
of low-rank coa l s  has inc reased  d r a m a t i c a l l y ,  s o  t h a t  by 1980 product ion  repre- 
s en ted  about 24% of t h e  t o t a l  n a t i o n a l  coa l  product ion .  I t  has  been es t imated  t h a t  
i n  another  t e n  y e a r s ,  low-rank c o a l s  could amount t o  h a l f  t h e  t o t a l  coa l  production 
( 1 ) .  

I t  has  long been recognized t h a t  l i g n i t e s  possess  unusual p r o p e r t i e s  which can have 
profound e f f e c t s  on u t i l i z a t i o n .  Such p r o p e r t i e s  i nc lude  h igh  mois ture  content ,  
h igh  q u a n t i t i e s  of oxygen f u n c t i o n a l  groups i n  t h e  carbon s t r u c t u r e ,  an  a l k a l i n e  
a s h ,  and ino rgan ic  c a t i o n s  a t t a c h e d  t o  ca rboxy l i c  a c i d  groups.  The r ap id  expan- 
s i o n  of l i g n i t e  u t i l i z a t i o n  i n  r e c e n t  yea r s  has  brought wi th  it an inc reas ing  
r e a l i z a t i o n  of t h e  importance of deve loping  a b e t t e r  unders tanding  of t h e  organic  
and ino rgan ic  s t r u c t u r e s  i n  l i g n i t e  and of how those  s t r u c t u r a l  f e a t u r e s  inf luence 
l i g n i t e  r e a c t i v i t y  o r  p rocess ing  behav io r .  Here we p r e s e n t  r e s u l t s  from some 
c u r r e n t  s t u d i e s  i n  p rogres s  i n  our  l a b o r a t o r i e s  on l i g n i t e  s t r u c t u r e  and r eac t iv -  
i t y .  

Comparison of Northern Grea t  P l a i n s  L i g n i t e s  wi th  Bituminous Coals 

The predominant p o s i t i o n  of bituminous coa l  i n  t h e  t o t a l  U.S. coa l  product ion  has 
r e s u l t e d ,  n o t  unreasonably,  i n  t h e  p r o p e r t i e s  of bituminous coa l s  be ing  more exten- 
s i v e l y  s tud ied  and thus  b e t t e r  known t o  t h e  gene ra l  coa l  r e sea rch  community than  
those  of l i g n i t e s .  

The average proximate and u l t i m a t e  ana lyses  of F o r t  Union l i g n i t e s  a r e  summarized 
i n  Table  1, t o g e t h e r  with average  va lues  f o r  a P i t t s b u r g h  seam bituminous coa l .  The 
d a t a  i n  Table 1 were taken  from re fe rences  ( 2 )  and (3) f o r  l i g n i t e  and bituminous 
c o a l ,  r e spec t ive ly .  The impor tan t  p o i n t s  t o  no te  a r e  the  much h ighe r  moisture 
c o n t e n t ,  h ighe r  oxygen, and lower hea t ing  va lue  of t h e  l i g n i t e .  

Usual ly ,  l i g n i t i c  a s h  con ta ins  a much h ighe r  p ropor t ion  of a l k a l i  and a l k a l i n e  
e a r t h  e lements ,  and consequent ly  lower p ropor t ions  of a c i d i c  oxides  such as  s i l i c a  
and alumina, than does ash from bituminous coa l s .  These d i f f e r e n c e s  a r e  i l l u s t r a t e d  
by t h e  data  i n  Table 2 ,  a s  taken  from re fe rence  (1).  The da ta  on spruce  bark a sh  
a r e  taken  from re fe rence  ( 4 )  and show the  s i m i l a r i t y  of l i g n i t i c  and woody ashes.  
Of i n t e r e s t  a r e  t h e  c o n t r a s t s  between t h e  l i g n i t e  and bituminous averages  f i r s t  
w i th  regard t o  s i l i c a  and alumina and,  second, t o  l ime,  magnesia,  and sodium oxide.  
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TABLE 1 

AVERAGE ANALYSES OF NORTHERN GREAT PLAINS LIGNITE 
AND BITUMINOUS COAL SAMPLES, AS-RECEIVED BASIS 

Northern Great Pittsburgh Seam 
Plains Lignite Bituminous 

Proximate, % 

Moisture 
Volatile Matter 
Fixed Carbon 
Ash 

Ultimate, % 

Hydrogen 
Carbon 
Nitrogen 
Oxygen 
Sulfur 

37.2 
26.3 
30.3 

6.2 

4.9 
11.9 
1.1 

21.0 
1.1 

2.3 
36.5 
56.0 

5.2 

5.5 
18.4 

1 .6  
8.5 
0.8 

Heating Value, MJ/kg 15.9 32.6 

TABLE 2 

AVERAGE ASH COMPOSITIONS OF NORTHERN GREAT PLAINS LIGNITES 
AND BITUMINOUS COALS, SO3 - FREE BASIS 

Acidic Components: 

Si02 
A1203 
!e203 
Ti02 
p205 

Basic Components: 

CaO 
MgO 
Na2O 
K20 

Spruce Bank 

32.0 
11.0 

6 .4  
0.8 

25.3 
4 .1  
8.0 
2.4 

Lignite 

24.9 
14.0 
11.5 
0.5 
0.4 

31.1 
8.7 
8.2 
0.5 

Bituminous 

48 .1  
24.9 
14.9 
1.1 
0.0 

6.6 
1.7 
1.2 
1.5 
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Organic s t r u c t u r a l  Re la t ionsh ips  

L i g n i t e  i s  an e a r l y  s t a g e  i n  t h e  c o a l i f i c a t i o n  process  and thus  could be expected 
t o  r e t a i n  some c h a r a c t e r i s t i c s  o f  wood. This  r e l a t i o n s h i p  i s  i l l u s t r a t e d  by the 
e l e c t r o n  micrographs shown a s  F igu res  1 and 2 .  Pieces  of p l a n t  d e b r i s ,  presumably 
twigs o r  r o o t l e t s ,  can be seen  i n  F igu re  1. Remains of t h e  c e l l u l a r  s t r u c t u r e  a re  
v i s i b l e  i n  F igure  2; the  c l o s e  s i m i l a r i t y  t o  t h e  s t r u c t u r e  of softwood may be seen 
by comparing r e fe rence  (5) f o r  example. 

On t h e  molecular l e v e l ,  t h e  d i s t i n g u i s h i n g  f e a t u r e s  of t h e  o rgan ic  s t r u c t u r e  of 
l i g n i t e  are  t h e  lower a r o m a t i c i t y  (o r  f r a c t i o n  of t o t a l  carbon i n  a romat ic  s t ruc -  
t u r e s ] ,  compared t o  bituminous c o a l s ;  a romat ic  c l u s t e r s  con ta in ing  on ly  one o r  two 
r i n g s ;  and t h e  preva lence  of oxygen-containing func t iona l  groups.  A proposed 
s t r u c t u r a l  r e p r e s e n t a t i o n ,  modified s l i g h t l y  from t h e  o r i g i n a l  v e r s i o n  ( 6 ) ,  i s  
g iven  i n  F igure  3 .  We do no t  c la im t h a t  t h i s  r ep resen t s  the s t r u c t u r e  of Northern 
Great P l a ins  l i g n i t e ,  b u t  r a t h e r  use it as  an i l l u s t r a t i o n  o f  major s t r u c t u r a l  
f e a t u r e s .  

The a romat i c i ty  has  been s t u d i e d  by p r e s s u r e  d i f f e r e n t i a l  scanning ca lor imet ry  
(PDSC). The d e t a i l s  of t h e  exper imenta l  t echnique  and of t h e  methods f o r  ca l cu la -  
t i n g  a romat i c i ty  from a PDSC thermogram have been publ i shed  elsewhere ( 7 ) .  
t h e  PDSC experiment provides  f o r  c o n t r o l l e d  combustion of a 1-1.5 mg sample of -100 
mesh coa l  i n  a 3 .5  MPa atmosphere of oxygen. The sample i s  hea ted  a t  20°C/min i n  
t h e  range 150° t o  600OC. The in s t rumen t  response i s  a thermogram p l o t t i n g  heat  
f l u x ,  A q ,  versus  tempera ture ,  t h e  i n t e g r a t e d  va lue  thus  be ing  t h e  h e a t  of com- 
b u s t i o n .  For  most c o a l s ,  and many o rgan ic  compounds and polymers,  t he  thermogram 
i n  t h i s  region c o n s i s t s  of two peaks ,  which, from comparison t o  t h e  behavior  of 
model compounds, a r i s e  p r i m a r i l y  from combustion of t h e  a l i p h a t i c  and aromat ic  
p o r t i o n s  of t he  sample. The a r o m a t i c i t y  may be deduced from a comparison of peak 
h e i g h t s .  

The a romat i c i ty  f o r  s e v e r a l  samples o f  Northern Grea t  P l a i n s  l i g n i t e s ,  a s  measured 
on run-of-mine m a t e r i a l ,  l i e s  i n  t h e  range of 0.61 t o  0.66. For comparison, a 
sample of Aus t r a l i an  brown coa l  a v a i l a b l e  t o  us was found t o  have a romat i c i ty  of 
0.56; a sample of Minnesota p e a t  had a n  a r o m a t i c i t y  of 0.50. Samples of v i t r i n i t e  
concen t r a t e s  from t h e  Northern Grea t  P l a i n s  l i g n i t e s  were more a romat ic ,  wi th  
va lues  i n  t h e  range of 0.72 t o  0 .74.  

The temperature a t  which t h e  maximum of t h e  a romat ic  peak occurs  has  been shown t o  
be a func t ion  of t h e  e x t e n t  of r i n g  condensation ( 7 ) ,  t h e  maximum s h i f t i n g  t o  
h ighe r  temperatures wi th  i n c r e a s i n g  condensa t ion .  I n  suppor t  of t h e  s t u d i e s  on 
coa l  s t r u c t u r e ,  we have measured t h e  PDSC behavior  of over  30 organic  compounds 
(most of which have been sugges ted  a s  coa l  models o r  have been i d e n t i f i e d  i n  the  
products  of coal  process ing)  and abou t  50 polymers. The maxima of t h e  a romat ic  
peaks i n  the  thermograms of Northern Grea t  P l a i n s  l i g n i t e s  gene ra l ly  f a l l  i n t o  t h e  
same temperature range (375°-4000C) a s  t hose  f o r  compounds o r  polymers baving 
benzene or  naphtha lene  r i n g s .  One example i s  given i n  F igure  4 ,  i n  which t b e  PDSC 
thermograms of Gascoyne (N.D.) l i g n i t e  and poly(4-methoxystyrene) a r e  compared. We 
conclude t h a t  t h e  a romat ic  r i n g  systems t h e r e f o r e  a r e  mostly one- o r  two-ring 
systems. 

Much less i s  known about t h e  hydroaromatic s t r u c t u r e s  o r  a l i p h a t i c  b r idges  between 
r i n g  systems. A methylene b r idge  i s  o f t e n  suggested a s  a t y p i c a l  a l i p h a t i c  b r idg -  
i n g  group, and was o r i g i n a l l y  shown i n  t h e  proposed s t r u c t u r a l  r e p r e s e n t a t i o n  ( 6 ) .  
However, cons ide ra t ions  based on thermochemical k i n e t i c s  p r e d i c t  a h a l f - l i f e  of l o 6  
yea r s  f o r  bond c leavage  of diphenylmethane i n ,  t e t r a l i n  a t  4OOOC (8). Exhaustive 
ana lyses  Of the  products  from l i q u e f a c t i o n  of Northern Great P l a ins  l i g n i t e  a t  
400°C and h ighe r  i n  t h e  presence  of t e t r a l i n ,  ( s ee  (9)  f o r  example) have never 
i d e n t i f i e d  diphenylmethane o r  r e l a t e d  compounds. 
t u t e s  s t rong  c i r c u m s t a n t i a l  ev idence  f o r  t h e  r e l a t i v e  unimportance of methylene 
l i nkages  between aromat ic  c l u s t e r s .  

B r i e f l y ,  

Absense o f  diphenylmethane c o n s t i -  
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Oxygen is distributed among carboxylate, phenol, and ether functional groups. The 
carboxylate concentration has been measured by reaction of  demineralized coal with 
calcium acetate following the precedure of van Krevelen and co-workers (10). A 
study of the carboxylate concentrations is still in progress; preliminary data for 
the Northern Great Plains lignites indicate carboxylate concentrations ranging from 
1.75 to 1.93 meq/g on a dry basis. Concentrations of phenolic or ether functional 
groups have not yet been measured. Electron spectroscopy for chemical analysis 
(ESCA) provides a means for discriminating between carbon atoms incorporated in C=O 
and c-0 structures by a Gaussian-Lorentzian decomposition of the carbon 1s spectrum 
(11). Figure 5 provides a comparison of the decomposed carbon 1s spectra of Beulah 
(N.D.1 lignite and polyethylene terephthalate. At present, the ESCA data cannot be 
resolved into phenolic and etheric carbons. However, it can be shown that the ratio 
of carbon in carboxylate groups to that in (phenol plus ether) groups is about 0.62 
(11). The presence of methoxy groups has been qualitatively confirmed; as-yet 
unpublished work by E.S. Olson and J.W. Diehl demonstrates the production of meth- 
anol from sodium periodate oxidation of Beulah lignite. 

Little consideration has yet been given to the three-dimensional structure. A 
Preliminary examination of lithotypes of Beulah lignite has been conducted by laser 
Raman spectroscopy (11). The lithotype having a higher concentration of carboxylic 
acid groups has a weaker band at 1600 cm l .  If this band is assigned as a graphite 
mode (121, results suggest that the relatively bulky carboxylate groups, with their 
associated counterions, may disrupt, or preclude, three-dimensional ordering. 

Distribution of Inorganic Constituents 

I n  lignites the inorganic constituents are incorporated not only as discrete min- 
eral phases, but also as relatively mobile ions, presumably associated with the 
carboxylic acid functional groups. The distribution of inorganic constituents has 
been studied principally by the chemical fractionation procedure developed by 
Miller and Given (13). 

Extraction of the coal with 1M ammonium acetate removes those elements present on 
ion exchange sites, which are presumed to be carboxylic acid functional groups. 
Sodium and magnesium are incorporated almost exclusively as ion-exchangeable ca- 
tions. For a suite of Northern Great Plains lignites tested, 84 to 100% of the 
sodium originally in the coal and 88 to 90% of the magnesium are removed by ammonium 
acetate extraction. Figure 6 is an electron micrograph showing an electron back- 
scatter image due to the presence of sodium intimately associated with the organic 
material. Calcium is largely present in cationic form, 48 to 76% being extracted. 
Some potassium is also extracted in this step, in amounts ranging from 20 to 57%. 

Further treatment with 1M hydrochloric acid then removes elements present as acid- 
soluble minerals or possibly as acid-decomposable coordination compounds. This 
acid extraction removes essentially all of the calcium and magnesium not removed by 
ammonium acetate. This finding is suggestive of the presence of calcite or dol- 
omite minerals, which are known to be present in Northern Great Plains lignites 
(14). The hydrochloric acid extraction behavior of other major metallic elements 
is quite variable, which suggests significant differences in the mineralogy of  the 
samples. Of those elements not extracted at all by ammonium acetate, some iron, 
aluminum, and titanium are removed by hydrochloric acid. 

The portions of elements which are not removed by either reagent are considered to 
be incorporated in acid-insoluble minerals, particularly clays, pyrite, and quartz. 
This group includes all of the silicon, the remaining sodium and potassium, and the 
residual iron, aluminum and titanium. The acid-insoluble minerals are present as 
discrete phases. Frequently the mineral particles are quite small (see Figure 7, 
for example) and very highly dispersed through the carbonaceous material, to such 
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a n  e x t e n t  t h a t  on ly  about  15-30% of  t h e  d i s c r e t e  minera l  mat te r  i s  separable  i n  a 
t r a d i t i o n a l  f l o a t / s i n k  experiment .  

E f f e c t s  of S t r u c t u r e  on R e a c t i v i t y  

The small  aromatic  c l u s t e r s ,  t h e  high concent ra t ion  of organic  oxygen f u n c t i o n a l  
groups,  and t h e  presence of i n o r g a n i c  s p e c i e s  a s  ion-exchangeable c a t i o n s  a r e  
unique f e a t u r e s  of  low-rank c o a l s .  Each of t h e s e  f e a t u r e s  should inf luence  t h e  
r e a c t i v i t y  of low-rank c o a l s ,  thereby  g iv ing  low-rank c o a l s  d i s t i n c t l y  d i f f e r e n t  
r e a c t i o n s  when compared t o  bi tuminous c o a l s .  The r e a c t i v i t y  indeed has unique 
f e a t u r e s .  As y e t ,  however, l i t t l e  has  been done i n  a d e l i b e r a t e  way t o  develop an 
understanding of  t h e  connect ions between s t r u c t u r e  and r e a c t i v i t y .  

The carboxyl ic  f u n c t i o n a l  group i s  thermal ly  l a b i l c  acd i s  d r i v e n  o f f  by hea t ing  t o  
45OOC (15). Although t h e  v o l a t i l e  m a t t e r  conten t  of l i g n i t e  i s  h igher  than t h a t  of 
bituminous c o a l s ,  much of  t h e  m a t e r i a l  r e l e a s e d  from l i g n i t e  i s  carbon d ioxide  
r a t h e r  than hydrocarbon gases  o r  t a r s .  Thus only  about 17% of t h e  c a l o r i f i c  y i e l d  
occurs  i n  v o l a t i l e  products  from Northern Great  P l a i n s  l i g n i t e s  a t  5OO0C, compared 
wi th  30% f o r  some bituminous c o a l s  ( 1 6 ) .  Since t h i s  thermal  decomposition removes 
much of  the  oxygen from t h e  c o a l ,  i n  a l i q u e f a c t i o n  r e a c t i o n  t h e  removal of  oxygen 
would requi re  no n e t  consumption of  e x t e r n a l  hydrogen. 

Oxygen func t iona l  groups can promote p-bond s c i s s i o n  (8), which may be an important  
process  i n  t h e  degrada t ion  of t h e  coa l  s t r u c t u r e .  The r o l e  of e t h e r ,  carboxyl ,  and 
o t h e r  groups i n  wood p y r o l y s i s  and combustion has  been d iscussed  (17);  it seems 
reasonable  t o  assume t h a t  analogous r e a c t i o n s  would occur  i n  low-rank c o a l s .  Other 
p o s s i b l e  r o l e s  f o r  oxygen f u n c t i o n a l  groups i n c l u d e  e t h e r  c leavage,  c leavage of 
a l i p h a t i c  br idges  l i n k e d  t o  a romat ic  r i n g s  bear ing  a phenol ic  group, and t h e  en- 
chancement of  t h e  a b i l i t y  of f r e e  r a d i c a l s  t o  form adducts  wi th  p o t e n t i a l  so lvent  
o r  r e a c t a n t  molecules .  The r e l a t i o n s h i p  of organic  s t r u c t u r e  t o  r e a c t i v i t y  should 
be a f e r t i l e  f i e l d  f o r  research .  

Sodium i s  the  b e s t - s t u d i e d  of  t h e  inorganic  c o n s t i t u e n t s  of Northern Great P l a i n s  
l i g n i t e .  The combustion of t h e  sodium carboxyla tes  genera tes  sodium-containing 
vapor spec ies  which can then  be  depos i ted  on b o i l e r  tubes .  The r e l a t i o n s h i p  of the  
sodium content  of t h e  c o a l  t o  t h e  formation of ash d e p o s i t s  on b o i l e r  tubes  i s  w e l l  
known. While t h e  ash  d e p o s i t i o n  problem can be severe  and expensive f o r  commercial 
i n s t a l l a t i o n s  (18), t h e  m o b i l i t y  of  c a t i o n i c  sodium holds  out  t h e  promise f o r  
sodium removal o r  reduct ion  by ion-exchange processes  (19). The p o s s i b l e  r o l e  of 
t h e  ion-exchangeable sodium i n  t h e  c a t a l y s i s  of  l i q u e f a c t i o n  r e a c t i o n s  has  been 
s t u d i e d  by Given (20) .  
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FIGURE 1. Electron micrograph o f  ion-etched Beulah l i g n i t e ,  showing r o o t l e t s  or other 
p lant  debr i s .  7800x. 

FIGURE 2. Electron micrograph o f  woody l i tho type  of  Beulah l i g n i t e  showing c e l l u l a r  
s tructure .  390x. Compare softwood s tructure  i n  reference  (5) .  
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FIGURE 3. Proposed representation of structural features of lignite. 
minor modification from reference (6). 

Adapted with 

FIGURE 4. PDSC thermograms of Gascoyne lignite (solid line) and poly(4-methoxystyrene) 
(dashed line). Plot is of heat flux in arbitrary units versus temperature, 
O C  . 
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BINDING ENERGY, t V  

FIGURE 5 .  Decomposed ESCA carbon I s  s p e c t r a  of  Beulah l i g n i t e  ( s o l i d  l i n e )  and poly- 
e thylene  t e r e p h t h a l a t e  (dashed l i n e ) .  P l o t  i s  of number of e l e c t r o n s  per  
energy i n  a r b i t r a r y  u n i t s  v e r s u s  b inding  energy i n  e l e c t r o n  v o l t s .  
l i g n i t e  spectrum has  been c o r r e c t e d  f o r  sample charg ing  (11). 

The 

FIGURE 6. E l e c t r o n  micrograph of Beulah l i g n i t e  showing organic  reg ion  enr iched  i n  
sodium ( c i r c u l a r  s t r u c t u r e  i n  lower c e n t e r  of view). 
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FIGURE 7 

i 
I_.- \ 

Electron micrograph of pyr i t e  p a r t i c l e s  intergrown i n  carbonaceous struc- 
ture of  Beulah l i g n i t e ,  suggesting d i f f i c u l t y  of removal by f l o a t / s i n k .  
2oox. 
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